• The k L a of the ELAMR with different gas distributors was investigated
stable effluent quality, compact equipment, high volumetric load and less surplus sludge production [2] . The volumetric gas-liquid mass transfer coefficient (k L a) is one of the key determinants of an airlift membrane reactor, as microorganisms' life and metabolic reaction depend directly on k L a. Nevertheless, there is a rather scarce amount of literature data on the effect of the membrane module on the mass transfer in these airlift bioreactors. Jajuee et al. [3] conducted experiments in a three-phase 25 dm 3 concentric airlift reactor with a semipermeable membrane. They observed that the k L a was strongly affected by p-xylene and naphthalene and solid loadings. Xu and Yu [4] investigated the hydrodynamics in a novel multi-airlifting membrane bioreactor which was built with four sintered stainless steel tubular filters as the risers and downcomers. They showed that the k L a was primarily influenced by the gas holdup and the number of risers, and, to some extent, by the liquid velocity.
In this paper, the influence of the inserted membrane module, the type of gas distributor and the addition of several aliphatic alcohols on the k L a in an ELAR were studied. The gas-liquid mass transfer coefficient represents product of two independent values: an interfacial area (a) and a liquid-side mass transfer coefficient (k L ).
The membrane inserted in the downcomer of the ELAR represents the hydrodynamic resistance. Investigations of many authors showed that a decrease in the downcomer liquid velocity (W LD ) and an increase in the riser gas holdup (ε G ) was obtained in configurations with different hydrodynamic resistances [5] [6] [7] . The ε G is directly proportional to a, while W LD impacts on k L . Verlaan [8] found that the impact of hydrodynamic resistance on k L a is similar as its impact on ε G . The increase of the hydrodynamic resistance led to an increase in the ε G and k L a. On the other hand, hydrodynamic resistance led to a decrease in W LD , but the impact of W LD on k L a was lower than ε G on k L a [4, 9] .
Diluted aqueous solutions represent coalescence inhibiting systems that have strong influence on the global hydrodynamics and the gas-liquid mass transfer. Aqueous alcohol solutions considerably differ from water in terms of surface tension. Furthermore, alcohols can be used to induce a behavior similar to the fermentation media in aerobic bioprocesses [10] . Addition of alcohols has a two-fold effect on k L a [11] . The presence of an alcohol tends to increase a due to a decrease in bubble diameter and increase of the gas holdup. Nevertheless, at the same time, molecules of the alcohol tend to adsorb and accumulate around the gas bubble forming a rigid layer leading to a decrease of k L . Several researchers [5, [12] [13] [14] using an ELAR reported that the k L a values increased with increasing alcohol concentration in solutions, while Al-Masry and Dukkan [15] reported an opposite trend. Deng [11] has observed that the k L a values had the minimum in n-butanol solution at concentration of 0.5 wt%. Hence, there is a relative lack of data in open literature and more detailed data are needed to provide better understanding of the mass transfer mechanism in the presence of alcohol.
An overview of studies on k L a in dilute alcohol solution in an ELAR is presented in Table 1 . Figure 1 shows the range of the investigated parameters reported in Table 1 . The differences between those results and the results obtained in this study may be ascribed to the different reactor geometry and operating conditions. The effect of gas distributor type depends on U G and consequently on the flow regime in which an airlift operates. In the case of the heterogeneous flow, the gas distributor has a negligible influence on the bubble size and k L a, because of the enhanced rate of coalescence [16] . The effect of the gas distributor characteristics on the k L a was investigated by [17, 18] . Also, in the study conducted by Miyahara et al. [19] , it was shown that the perforated plate created a smaller initial bubble diameter and led to higher gas holdup and k L a than the single hole plate. This was noticed at low superficial gas velocities up to 0.1 m/s. Many forms of correlations for prediction of the mass transfer coefficient have been proposed by numerous authors [9, [19] [20] [21] [22] , based on studies in the different systems. These equations included basic operating and geometrical parameters. However, they failed to predict a wide range data for different gasliquid systems and reactor geometries. These results suggested further development of the artificial neural network model (ANN) that would better predict the k L a values. The ANN appeared to be a good alternative to empirical correlations [23] [24] [25] . The ANNs are more powerful and can manipulate non-linear relationships more successfully than available literature correlations [25] . In this study, an ANN for the prediction of the volumetric mass transfer coefficient was developed.
The main goal of this paper was to characterize the gas-liquid mass transfer characteristic of a modified airlift reactor, ELAMR. The results are commented with respect to the external loop airlift reactor of the same geometry, but without membrane in the downcomer. Furthermore, this study tends to broaden the previous investigations on mutual influence of added alcohol and the gas sparging effectiveness on the hydrodynamics and the mass transfer in the airlift reactors [26, 27] .
EXPERIMENTAL SETUP
The experiments were conducted in a Plexiglas airlift reactor at 20 °C and atmospheric pressure, with geometrical details presented in Figure 2 . The cylindrical ELAR consisted of three sections: riser (D r = 54 mm i.d.), downcomer (D d = 25 mm i.d.) and rectangular gas separator. The distance between the riser and the downcomer was 100 mm. The air was used as the gas phase. The gas flow rate was controlled and measured by mass flow meter and controller Bronkhorst High-Tech F-201AV. The superficial gas velocity, based on the riser cross-section area, was varied in the range 0.022-0.146 m/s. Having in mind that the sparger influences the k L a, two type of gas spargers were chosen for this study: the single orifice (4 mm i.d.) as one of the poorest, and the sinter plate (D = 38 mm, average pore size 115 μm), as one of the most efficient spargers. Tap water and the dilute alcohol solutions (0.46 wt.% ethanol, 0.011 wt.% n-butanol and 0.0051 wt.% n-hexanol) were used as the liquid phase. The added amounts of alcohols in our study were based on critical concentrations reported by Keitel [28] . The surface tensions of the liquid phases were taken from Šijački et al. [26] . The volumetric mass transfer coefficient was obtained by using the dynamic oxygenation method. Firstly, the liquid phase in the reactor was purged with nitrogen until the oxygen content became negligible. When nitrogen bubbles completely disengaged, the air was injected into the reactor. The dissolved oxygen probe (Hach, model IntelliCAL LDO) was placed 500 mm above the sparger in the riser. The response time of the dissolved oxygen probe was less than 9 s, for all examined liquids phases. The volumetric mass transfer coefficient was calculated by using a continuous stirred tank reactor (CSTR) model which assumed an ideally mixed liquid phase and negligible effect of the dynamics of the oxygen electrode:
Liquid recirculation leads to global mixing in airlift reactors and the CSTR model assumption can be used to calculate k L a values [29] . Figure 3 shows a good agreement between measured and predicted C L values by Eq. (1). The effect of the probe dynamics could be neglected since in all cases k L a values were less than 0.1 s [30] and the response time of the probe was lower than 1/k L a for all the liquid phases, i.e., the Van't Riet's criterion was satisfied [31] .
RESULTS AND DISCUSSION

Riser hydrodynamics and flow regimes
The existence of the homogenous and the heterogeneous flow regimes in the riser were visually confirmed. These two flow structures were separated by the transition regime. The same regimes in an ELAR with different type of distributor were observed by other authors [6] . Transition between regimes can also be seen from the change of the slope of the k L a versus U G curves. At low superficial gas velocities of 0.036-0.051 m/s the homogenous or the bubbly flow was visually observed, with small, similarly sized bubbles and little interaction between them. After transition at U G from ∼0.066 to 0.091 m/s (depending on the alcohol solutions and the geometry of the distributor) the amount of gas bubbles increased, the bubbles formed clusters and the flow developed into heterogeneous (churn-turbulent), with bubbles of different sizes and pronounced coalescence and breakup. At higher U G the coalescence of bubbles prevailed; they collided and formed larger bubbles (slugs) up to the size of the riser diameter. Appearance of flow regimes depended on the initial gas distribution and the properties of the liquid. When a single orifice was used, absence of bubble flow was noted even at the lowest U G . Both reactors operated instantly in the transition regime, which is in agreement with the observations of [6] and [32] . In our experiments, transition points in the ELAMR appeared at slightly lower U G in comparison to the ELAR. The larger hydrodynamic resistance in the ELAMR caused a lower W LD that induced an increase of bubble coalescence. Joshi et al. [33] and Bendjaballah et al. [6] also noted in their studies that the resistance in the ELAR and the geometry of downcomer influenced the regime transitions. On the other hand, Vial et al. [7] reported that hydrodynamic resistance had a minor influence on the regime transitions.
Influence of the membrane on the volumetric gas-liquid mass transfer coefficient
The influence of the membrane module and the superficial gas velocity on the k L a is presented in Figure 4 . For all the gas-alcohol solution systems the membrane inserted in the downcomer had a small impact on the k L a values, as the differences between k L a values were in the range of maximum experimental error of 10%. The k L a values for ELAMR were about 15% lower in water, but only at low U G (up to 0.066 m/s). To quantify the influence of the membrane on resistance to the flow in the ELAMR, the friction coefficient (K f ) was calculated from the Eq. (2) by fitting the experimental data, as proposed by [8] .
When calculating K f , the influences of the alcohol and the geometry of distributor were neglected, because the relative differences between K f values were less than 15%. Table 1 presents the results obtained by these equations. Influence of the sparger type on the volumetric gas-liquid mass transfer coefficient
The effect of the gas distributor -the single orifice (SO) and the sinter plate (SP) -is shown in Figure   Figure 3 . Comparison between measured and calculated values of oxygen concentration. 4 . Considerably higher k L a values (up to 100%) can be seen in all liquid phases with SP, in comparison with SO. The sinter plate produced larger number of smaller initial bubbles than the SO at the same gas throughput, while the homogeneous flow regime was more stable. Therefore, the SP is able to produce higher ε G and k L a. 35 This effect can be attributed to the interfered mass transfer by the protective rigid layer which formed alcohols with long carbon chain adsorbed to gas--liquid interface. Described phenomenon probably led to a decrease in k L with an increase in number of carbon atoms in the alcohol molecule. The idea for this qualitative explanation was found in conclusions reported by Wang et al. [34] , who experimentally showed that the adsorption behavior of methanol and ethanol was different in comparison to n-butanol, n-hexanol and n-octanol. Therefore, the stability of molecular layers would be enhanced for a longer alcohol chain.
On the other hand, n-hexanol still had higher k L a values compared to water when SP was used. This is because the increase of a, caused by a decrease of mean bubble size overcomes the decrease of k L in the presence of n-hexanol [30] . Alcohol solutions in the homogeneous regime did not have certain effect on hindering coalescence. This conclusion was made by visual observation. However, when used SP, the lowest k L a values for the lowest U G were different for each alcohol (Figure 4 ). This suggests that alcohol solutions increased k L a not only by hindering the coalescence via decreasing surface tension, but also by different influence on the independent values k L and a. The above described phenomenon was not observed in the case of SO, because this distributor did not produce the homogeneous regime. This was confirmed by Keitel [28] , who found that the different types of alcohols with the same concentration produce different Sauter mean diameters (d vs ) and consequently a at the same U G . Moreover, previous research [12, 35] showed that different alcohols produce different, smaller k L values than observed in water.
Influence of the hydrodynamics on the volumetric gas-liquid mass transfer coefficient
The ratio of the volumetric gas-liquid mass transfer coefficient and the riser gas holdup in the ELAR for the gas-liquid system and both distributors is showed in Figure 5 . Having in mind that the ratio k L a/ε G is directly proportional to the ratio k L /d vs , it can be concluded from Figure 5 that at low U G the Sauter mean diameter of bubbles increases more intensively than k L . In the heterogeneous regime ratio k L a/ε G tends to constant values. This finding is in an agreement with others [36] . A possible explanation for this might be that the d vs is independent of U G in the heterogeneous regime. Frequent coalescence and breakup of the large bubbles causes the effective bubble diameter to be maintained at a low, constant value. This conclusion was brought earlier by De Swart et al. [37] , based on the video imaging experiments in a 2D slurry bubble column. The single orifice produced large bubbles and the gas-liquid system was instantly in the transition regime, so the ratio k L a/ε G slightly changed with U G . Also, the ratio k L a/ε G tended to a constant value at lower U G when alcohol solutions were used. Figure 5 shows that ratio k L a/ε G decreased with U G in water for SO, probably because of the permanent increase in the bubble size due to the marked coalescence, when d vs became higher in comparison to k L .
Artificial neural network
The ANN is an efficient tool to deal with complicated nonlinear systems. It consist of a pool of simple processing units which communicate by sending signals to each other over a large number of weighted connections [38] . A feed-forward back propagation network was chosen in this study, since it is the most widespread and generalized ANN currently Figure 5 . Evolution of the ratio of volumetric mass transfer coefficient and the riser gas holdup with a superficial gas velocity in the gas-liquid systems.
in use. The architecture of this ANN consisted of three layers with neurons: the input layer had 4 neurons, the hidden layer had 13 neurons and the output layer had one neuron. The weights correspond to the strength of the connection between interconnected neurons. Analogous to "memory" and the neurons sums all the weights inputs, adds the bias constant, and then modifies the signals through a transfer function. The connection weights and bias are presented in Tables 2 and 3 and the transfer function was the log-sigmoid. The data set consisted of 479 measurements. An attempt was made to verify this ANN for prediction of our experimental data together with the data of other authors [5, 8, 12, 13, 15, 20, 21] . The superficial gas velocity, the distributor characteristics, the surface tension and the overall friction coefficient were used as inputs. To apply ANN for the whole range of an ELAR sizes and configurations (see Table 1 ), K f must be included. The ANN was derived for the following ranges of the independent variables: 0.003 < U G < 0.18 m/s, 55 < σ < 74.2 mN m 2 , 0.115 < d o < 6 mm and 3.94 < K f < 76.9. Since there is no theoretical method to determine the optimal structure of the ANN models, trial-and-error methodology was adopted [24] . The number of neurons in the hidden layer was varied until a good prediction of trained data was achieved. The goodness of the model was tested by using the ANN to data points that were not included during the training process. If the predictions were not good, then the model was rejected and another model was investigated. The input and the output vectors were randomly divided into three sets as it follows: 70% were used for training, 15% were used to validate that the network was generalizing and to stop training before overfitting, and the last 15% were used as a completely independent test of the network generalization. The ANN reached an R 2 value of 0.97 and the root mean squared relative error value of 0.21. The parity plot of the calculated and experimental values is presented in Figure 6 . The proposed ANN reasonably predicted the experimental values with the average relative error of δ = 10.6%. Figure 6 . Comparison between calculated and experimental k L a values using the proposed neural network.
CONCLUSIONS
In this paper, the effects of the presence of the membrane module, the gas distributor type (single orifice and sinter plate) and addition of alcohols on the volumetric gas-liquid mass transfer in the ELAR were studied.
• The insertion of the membrane in the downcomer caused the rise of the overall friction coefficient by 90%. However, the volumetric mass transfer coefficient (k L a) in the ELAR changed slightly; the differences were smaller than 10%.
• Addition of small amount of alcohols led to an increase in the k L a.
• For all investigated systems volumetric mass transfer coefficient for the sinter plate was considerably greater than k L a data for the single orifice.
• The proposed artificial neural network successfully predicted k L a values in an external-loop airlift reactor for various alcohols and types of spargers.
